ABSTRACT The effects of 2 levels of supplemental dietary poultry fat (PF) and the combination of PF, phytase (PHY), and 25-hydroxycholecalciferol (D 3 ) on the performance of commercial layers inoculated with F-strain Mycoplasma gallisepticum (FMG) were investigated in 2 trials. Sham and FMG inoculations were administered at 12 (before lay) and 22 (early in lay) wk and dietary treatments [basal control diet (BCD), BCD with 0.75% supplemental PF, BCD with 1.50% supplemental PF, and BCD with 1.50% supplemental PF, 0.013% PHY, and 0.025% D 3 ] were initiated at 20 wk of age. Hen BW, egg weight, and egg production (EP) were determined every 4 wk between 24 and 58 wk of age. Feed consumption (FC) and feed conversion were determined in 4-wk intervals beginning on wk 25 and ending on wk 58, and total mortality and mean EP were determined over the entire 24 to 58-wk period. The addition of 0.75 and 1.50% PF increased BW at wk 48 and 58, respectively, and supplemental PF at the 1.50% level increased the BW of hens that had been inoculated (sham or FMG) on wk 22 and reduced the FC of hens inoculated on wk 12. Feed conversion was decreased in the 25 to 28-and 57 to 58-wk age periods and increased in the 45 to 48-wk age periods by an FMG inoculation. In birds inoculated at 22 wk of age, FMG increased egg weight. Although EP was reduced at wk 24 and was increased at wk 58 by FMG, total EP was not affected. In conclusion, an inoculation of FMG at either 12 or 22 wk of age can result in a relative shift in EP from the early to late stage of lay without affecting total EP, and although the BW and FC responses of hens to added dietary PF were influenced by their age and the age of inoculation, use of the supplemental combination of PHY and D 3 had no additional effect on performance when provided in conjunction with 1.50% PF.
INTRODUCTION
Live F-strain Mycoplasma gallisepticum (FMG) inoculations administered to commercial layers have been used to protect flocks against more virulent field M. gallisepticum infections (Branton et al., 1997; kleven, 1998) and to subsequently reduce egg production (EP) losses (Luginbuhl et al., 1976) . Nevertheless, the inoculation of pullets with FMG before the beginning of lay has been shown to delay lay onset (Burnham et al., 2002) , decrease total EP (Burnham et al., 2002) , and decrease the production of large eggs (Branton et al., 1999) compared with uninfected or M. gallisepticumclean flocks.
In an effort to reduce the deleterious effects of an FMG inoculation on layer performance through nutritional intervention, Peebles et al. (2003) supplemented the basal diets of layers that had been inoculated with FMG at 12 wk of age with 1.50% poultry fat (PF). The supplemental PF alleviated reductions in early EP due to FMG. In turn, FMG ameliorated the reduction in feed consumption (FC) experienced by shaminoculated birds that were fed the 1.50% supplemental PF. However, because the scope of that study did not extend beyond 26 wk of bird age, Park et al. (2009a) conducted another study to examine the effects of these same diets through 58 wk of age. In addition, Park et al. (2009a) also examined the effects of an FMG inoculation administered at 22 as well as at 12 wk of age. In that study, it was noted that the supplementation of hen diets with 1.50% PF reduced FC throughout lay in those birds that were given a prelay (12 wk) inoculation (sham or FMG). Park et al. (2009b) went on to further show that despite the interactive effects of diet and age of inoculation on FC, dietary treatment did not modulate the effects of inoculation treatment on the egg yolk characteristics of the hens.
The effects of dietary supplementation with the combination of phytase (PHY) and 25-hydroxycholecalciferol (D 3 ) on the performance (Peebles et al., 2008) , blood (Peebles et al., 2007a) , and digestive and reproductive organ (Peebles et al., 2007b ) characteristics of commercial layers inoculated at 12 or 22 wk of age with FMG have also been examined. Dietary supplementation with PHY and D 3 interacted with the effects of FMG inoculation on hen BW, reduced whole blood hematocrit, and decreased relative duodenal length, but increased relative infundibulum length and increased relative isthmus weight.
The objective of this current research was to extend the aforementioned research by investigating the interactive effects of FMG, PF, PHY, and D 3 on the performance of layers through 58 wk of age. The investigation of these effects involved the use of FMG inoculations administered before lay (12 wk of age) and early in lay (22 wk of age), 2 dietary levels of supplemental PF (0.75 and 1.50%), and the use of 1.50% supplemental PF in combination with PHY and D 3 .
MATERIALS AND METHODS

Bird Management
In each of 2 trials, 1-d-old Single Comb White Leghorn pullets of a single genetic strain (Hy-Line variety W-36) were obtained from a commercial hatchery certified free of M. gallisepticum and Mycoplasma synoviae (USDA-APHIS-VS, 2003), and both trials were conducted under an approved USDA animal care and use protocol. Until 12 wk of age, birds were raised, vaccinated, and tested for the presence of M. gallisepticum and M. synoviae as described by Peebles et al. (2003) . Starter, grower, developer, and prelay diets were fed to pullets in respective 0 to 6-, 6 to 12-, 12 to 18-, and 18 to 20-wk intervals as described by Peebles et al. (2003) . At 12 and 22 wk of age in each trial, 120 shaminoculated (control) and 120 FMG-inoculated (treated) birds were randomly assigned to individual cages in 1 of 2 enclosed and isolated ends of a caged layer facility according to inoculation treatment. All birds were wing-banded for individual identification.
In both trials, 4 isocaloric and isonitrogenous treatment layer diets (Table 1) were randomly provided to birds within each end of the layer house beginning at 20 wk of age, with all dietary treatments assigned to birds belonging to each inoculation type (sham-or FMGinoculated) and inoculation age (12 or 22 wk) treatment combination. One diet served as a basal control diet (BCD; contained 0.5% PF), a second diet was the BCD supplemented with 0.75% PF (LPFD; 1.25% total PF), a third diet was the BCD supplemented with 1.50% PF (HPFD; 2.00% total PF), and a fourth diet was the HPFD additionally supplemented with PHY (0.013%; 312 PHY units/kg of diet; BASF Corp., Florham Park, NJ) and D 3 (diluted premix, 0.025%; pure crystalline, 34.5 μg/kg of diet; Hoffmann-LaRoche Inc., Parsippany, NJ). There were 3 replicate groups (10 birds per replicate group) for each inoculation type, inoculation age, and dietary treatment combination. Birds in each side of the house were watered, fed, and ventilated separately. Feed and water were provided for ad libitum consumption. In both trials, available protein and lysine percentages in the layer diets were adjusted according to the amount of feed consumed per bird when new feed batches were mixed every 28 d. Determined analyses of all 4 diets at 56 wk in trial 1 are provided in Table 2 . All pullet and layer diets were formulated to meet or exceed NRC (1994) specifications.
FMG Inoculation and Mycoplasma Detection During Lay
Pullets treated with FMG were inoculated via eye drop in the right eye at either 12 or 22 wk of age with 0.04 mL of a 24-h broth culture of high-passage FMG. Mycoplasma gallisepticum organisms were passed in broth medium after being received from S. H. kleven (University of Georgia, Athens) at the 99th passage above the unknown passage level. At 12 and 22 wk in both trials, titers of the inocula were similarly determined as described by Peebles et al. (2003) and were 1.0 × 10 10 cfu/mL. Pullets designated as controls for both 12-and 22-wk FMG-inoculated birds were shaminoculated via eye drop in the right eye at 12 wk of age with 0.04 mL of sterile Frey's broth medium. At 20 and 58 wk of age, 1 randomly selected hen from each replicate group within 12-and 22-wk sham-inoculated and 12-and 22-wk FMG-inoculated treatment groups were bled and swabbed. Each of those samples was tested for the presence of M. gallisepticum using serum plate agglutination (SPA), hemagglutination-inhibition (HI), and fluorescent antibody tests as described previously for pullets at 5 wk of age (Peebles et al., 2003) .
Data Collection
In both trials, mortality and EP in each replicate group were recorded daily. Feed consumption [feed (g)/ bird per d] and feed conversion ratio [feed consumed (g):eggs produced (g)] were determined for each replicate group for hen age periods beginning and ending, respectively, on wk 25 and 28, 29 and 32, 33 and 36, 37 and 40, 41 and 44, 45 and 48, 49 and 52, 53 and 56, and 57 and 58. Furthermore, within each replicate group in Table 1 . Ingredient percentages and calculated analysis of the layer control basal diet (BCD), the BCD with added 0.75% poultry fat (LPFD), the BCD with added 1.50% poultry fat (HPFD), and the HPFD with added 0.013% phytase and 0.025% 25-hydroxycholecalciferol (HPFPHYD 3 D) Table 2 . Determined ME, ash, CP, crude fat, crude fiber, saturated fat, monounsaturated fat, polyunsaturated fat, myristic acid, palmitic acid, palmitoleic acid, stearic acid, oleic acid, linoleic acid, linolenic acid, and arachidonic acid concentrations of the layer control basal diet (BCD), the BCD with added 0.75% poultry fat (LPFD), the BCD with added 1.50% poultry fat (HPFD), and the HPFD with added 0.013% phytase and 0.025% 25-hydroxycholecalciferol (HPFPHYD 3 D) at 56 wk of age in trial 1 both trials, percentage hen-day EP and mean hen BW and egg weight were determined on wk 24, 28, 32, 36, 40, 44, 48, 52 , and 58, and percentages of total mortality and mean hen-day EP were determined for the entire 24 to 58-wk of age period. In both trials, individual birds in each replicate group were weighed on 1 d of each designated week for determination of mean BW (g), and the weights of individual eggs collected over a 4-d period in trial 1 and over a 7-d period in trial 2 of each designated week were obtained for determination of mean egg weight (g).
Statistical Analysis
A randomized block experimental design with trial as the block was used. The data from both trials were combined and analyzed together. Furthermore, individual sample data within each replicate group were averaged before data analysis. Total mortality and mean EP were subjected to split-plot analysis to assess the effects of diet, inoculation type, and inoculation age. Body weight, egg weight, FC, feed conversion, and EP were further subjected to a repeated measures analysis to assess the aforementioned treatment effects over multiple age periods. Comparisons of means were by Fisher's (protected) least significant difference in the event of significant global effects (Steel and Torrie, 1980) . All data were analyzed using the MIXED procedure of SAS software (SAS Institute, 2003) . Global effects and means separations were considered significant at P ≤ 0.05.
RESULTS
All initial mycoplasmal cultures as well as SPA and HI test results obtained from the sera of birds at 5 wk of age were negative for both M. gallisepticum and M. synoviae in both trials. Furthermore, serum samples obtained from 12-wk sham-inoculated control birds at 20 wk of age were SPA-and HI-negative for M. gallisepticum, whereas the same tests were positive for M. gallisepticum in the 12-wk FMG-inoculated birds. Similarly, at 58 wk of age, serum samples from birds that were sham-inoculated at 12 or 22 wk of age were SPA-and HI-negative for M. gallisepticum, whereas those inoculated at 12 or 22 wk of age with FMG tested positive for M. gallisepticum. Fluorescent antibody culture results for swabs obtained at 20 and 58 wk of age confirmed the SPA results by being negative for Mycoplasma species growth and M. gallisepticum fluorescence for all control hens tested, whereas all FMG-inoculated hens tested were positive for Mycoplasma species growth and M. gallisepticum fluorescence.
There was a significant hen age × type of inoculation interaction for EP (P ≤ 0.0001; Table 3 ). In comparison to sham-inoculated controls, EP was reduced at wk 24 but was subsequently increased at wk 58 in birds inoculated with FMG, regardless of age of inoculation. Nevertheless, mean EP over the entire 24 to 58-wk period was not affected by any treatment imposed. There were also significant hen age × dietary treatment (P ≤ 0.04; Table 4 ) and age of inoculation × dietary treatment (P ≤ 0.02; Table 5 ) interactions for BW. In comparison to birds fed the BCD, birds fed the LPFD and HPFD experienced increases in BW on wk 48 and 58, respectively (Table 4) . Furthermore, in birds inoculated (sham or FMG) at 12 wk of age, their BW was increased by being fed the LPFD rather than the HPFD. Conversely, in birds inoculated (sham or FMG) at 22 wk of age, their BW was increased by being fed the HPFD rather than the BCD (Table 5) .
There was a significant hen age main effect for FC (P ≤ 0.0001; Table 6 ). Feed consumption was higher in the 57 to 58-, 41 to 44-, and 37 to 40-wk age brackets compared with all other age periods, except for the 45 to 48-wk period. Feed consumption in the 45 to 48-wk age period was also higher than the 53 to 56-, 29 to 32-, and 25 to 28-wk periods. Furthermore, FC in the 49 to 52-and 33 to 36-wk age groups was higher than the 53 to 56-and 25 to 28-wk groups, the 29 to 32-wk age period was higher than the 25 to 28-wk period, and the FC of the 53 to 56-wk age group was higher than the 25 to 28-wk group. There was also a significant age of inoculation × dietary treatment interaction (P ≤ 0.01) for FC (Table 7) . Feed consumption in birds inoculated at 12 wk of age (sham or FMG) and fed either the BCD or LPFD was higher than those inoculated on wk 22 and fed the BCD or inoculated at 12 wk and fed the HPFD. Further, the FC of birds inoculated on wk 22 and fed either the LPFD or HPFD was higher than those inoculated on wk 12 and fed the HPFD. There was a significant hen age × type of inoculation interaction (P ≤ 0.0002) for feed conversion (Table 8) . In comparison to sham-inoculated controls, feed conversion was reduced in the 25 to 28-and 57 to 58-wk of age periods but increased in the 45 to 48-wk of age period. There was a significant type of inoculation × age of inoculation interaction (P ≤ 0.02) for egg weight (Table 9 ). In birds that were inoculated at 22 wk of age, egg weight was higher when they were inoculated with FMG rather than being sham-inoculated. Branton et al. (1997) found that the early vaccination of commercial layers with FMG at 10 wk of age did not adversely affect EP. However, in commercial layer pullets inoculated with FMG at 12 wk of age, Burnham et al. (2002) reported a subsequent delay in EP by 1 wk, and in a study conducted by Peebles et al. (2003) in which only the early performance of layers was examined, reductions in EP at 18 and 19 wk of age were noted. In the study by Burnham et al. (2002) , lay was initiated in control birds on wk 18, whereas lay was initiated on wk 19 in FMG-treated birds. Furthermore, the FMG-inoculated hens in that study laid significantly fewer total eggs without a significant effect on mortality.
DISCUSSION
It has also been noted in companion articles that without affecting total EP (Peebles et al., 2008) or mortality (Peebles et al., 2007a) , an FMG inoculation at either 12 or 22 wk of age resulted in a shift in EP from wk 22 to 45 (Peebles et al., 2008) . Although EP was not evaluated before wk 24 in the current study, an observed relative shift in EP from the early (wk 24) to late (wk 58) stage of lay was similarly observed in response to the inoculation of FMG at either 12 or 22 wk, and this likewise occurred without significantly affecting total EP or mortality. The flocks of birds from the current study and those used by Burnham et al. (2002) and Peebles et al. (2008) experienced a forward shift in EP without an associated effect on mortality in response to an FMG infection; however, the flocks in the current study and those examined by Peebles et al. (2008) were apparently able to better adjust physiologically to the FMG challenge than the flock examined by Burnham et al. (2002) , so that total EP was not reduced. In contrast to the aforementioned studies, Park et al. (2009a) reported variable EP and mortality responses between wk 22 and 58 in birds that had been inoculated with FMG (12 or 22 wk). Furthermore, total EP across the 22 to 58-wk period was highest when birds had been inoculated with FMG at 22 wk of age. The performance characteristics of different commercial layer flocks can obviously vary in response to an FMG challenge, and these responses can be further influenced by the age (12 or 22 wk) of inoculation. Burnham et al. (2002) also noted that an FMG inoculation at 12 wk of age resulted in a decrease in weekly EP beginning on wk 44 and continuing through wk 54. In the 45 to 48-wk age period in which feed conversion was determined in this study, EP was only examined on wk 48, and no significant difference in EP was found between sham-and FMG-treated birds. Nevertheless, it is suggested that the significant increase in feed conversion in the 45 to 48-wk age period, which resulted in response to the inoculation of FMG (12 or 22 wk), was due to concurrent numerical decreases in EP and increases in FC. Furthermore, despite the shift in EP from the early (wk 24) to late (wk 58) stages of lay in this study, an FMG inoculation at 12 or 22 wk of age resulted in an unexpected significant decrease in feed conversion in the 25 to 28-wk age period. However, the subsequent significant decrease in feed conversion that was similarly noted in the 57 to 58-wk of age period would be expected from this forward shift in EP. Table 4 . Hen BW (g) within dietary treatment [basal control diet (BCD), BCD with added 0.75% poultry fat (LPFD), BCD with added 1.50% poultry fat (HPFD), and HPFD with added 0.013% phytase and 0.025% 25-hydroxycholecalciferol (HPFPHYD 3 D)] across type of inoculation and age of inoculation at 24, 28, 32, 36, 40, 44, 48, 52, and In birds inoculated at 22 wk of age in this study, FMG increased egg weight over sham-inoculated controls without any associated effect on BW. Furthermore, Park et al. (2009a) noted that without any effect on BW, birds that were inoculated with FMG (12 or 22 wk) had a greater egg weight at wk 29, 31, 39, 40, 42, 44, 53 , and 58 compared with those that were shaminoculated. Conversely, Burnham et al. (2002) found no effect of an FMG inoculation at 12 wk of age on BW or egg weight. Similarly, this same treatment was noted to have no significant effect on BW or egg weight through early lay (wk 26) by Peebles et al. (2003) . In addition, in companion studies utilizing the same flock, it was reported that FMG inoculations at 12 or 22 wk had no effect on egg weight (Peebles et al., 2008) or BW (Peebles et al., 2007a) in birds fed a BCD. Therefore, as for EP and mortality, the egg weight responses of different flocks to an FMG challenge can vary and may be further influenced by the age (12 or 22 wk) of inoculation. Nevertheless, BW has not been found to be affected by an FMG inoculation at 12 or 22 wk in this or any of the other aforementioned studies.
The experimental diets provided in this study influenced BW and FC. Diet interacted with bird age to influence BW, but diet interacted with age of inoculation (12 vs. 22 wk), regardless of inoculation type (sham or FMG), to influence BW and FC. However, the specific diets that were involved with these effects were only the LPFD and HPFD. The use of added dietary PHY and D 3 did not change the effect that PF had when added at the 1.50% level. The supplementary combination of 0.025% PHY and D 3 alone has also been noted in previous research to have no effect on early layer performance (Peebles et al., 2008) or layer mortality between 20 and 58 wk of age (Peebles et al., 2007a) . Poultry fat added to diets at 20 wk of age at the 1.50% level has been shown to have no effect on mortality between 20 and 26 wk of age (Peebles et al., 2003) or between 22 and 58 wk of age (Park et al., 2009a ). In the current study, the lack of any dietary effect on mortality and the observed increase in BW of the birds during the postpeak period in response to the use of supplemental PF were expected.
The provision of 1.50% supplemental PF to layers beginning on wk 20 has not been previously observed to affect BW at wk 20 and 24 (Peebles et al., 2003) or between wk 24 and 58 (Park et al., 2009a) . However, in the present study, the HPFD was shown to significantly increase hen BW by wk 58, which would be expected due to the fact that the HPFD contained the highest level of PF. The reason for the greater effect of the LPFD in comparison to the HPFD on BW at wk 48 is unclear. Nevertheless, in contrast to the lack of effect that the HPFD with added 0.013% PHY and 0.025% D 3 had on BW in the current study, Peebles et al. (2007a) found that when the combination of PHY Table 6 . Feed consumption [feed (g)/bird per d] across dietary treatment, type of inoculation, and age of inoculation in hen age periods beginning and ending, respectively, on wk 25 and 28, 29 and 32, 33 and 36, 37 and 40, 41 and 44, 45 and 48, 49 and 52, 53 and 56, and 57 and 58 1,2 Peebles et al. (2007a) suggests that the depressing effect of the supplemental combination of PHY and D 3 on BW may be ameliorated when they are used in the diet in further combination with 1.50% PF.
Although the dietary treatments provided in this study had no influence on the performance of the birds after an FMG inoculation, they did influence the effects that age of inoculation (12 or 22 wk of age) had on BW and FC. Overall, FC across all time periods examined was reduced by the HPFD in comparison to the BCD and LPFD only in birds that had been inoculated (sham or FMG) at 12 wk of age. In birds that were inoculated (sham or FMG) at 12 wk of age, the HPFD also led to a reduction in BW in comparison to the LPFD, which would indicate that the BW reduction in birds fed the HPFD was at least in part due to a reduction in feed intake. Peebles et al. (2007a) noted that the supplemental combination of PHY and D 3 did not interact with age of inoculation in influencing BW. Although BW was not influenced by the use of 1.50% added PF or age of inoculation, Park et al. (2009a) have reported a significant age of inoculation (12 or 22 wk) × diet (BCD or HPFD) interaction for FC across 20 to 55 wk of layer age. More specifically, in birds inoculated at 12 wk of age, the HPFD decreased FC in comparison to the BCD. Together, these reports suggest that the effects of the HPFD on BW and FC are limited to those birds that were subjected to an inoculation procedure on wk 12. Stress level differences between the 2 ages of inoculation might have led to differences in the birds' acceptance of the supplemented diet or their subsequent metabolic response to the higher level of supplemental PF. In a final conclusion, these current results suggest that the use of supplementary PF at the 0.75% level or PHY and D 3 in conjunction with PF at the 1.50% level does not provide any additional benefit over that provided by 1.50% PF alone for the performance of layers inoculated with FMG. Table 9 . Egg weight (g) within age of inoculation (12 and 22 wk) and type of inoculation [sham and F-strain Mycoplasma gallisepticum (FMG) ] across dietary treatment and wk of hen age (24, 28, 32, 36, 40, 44, 48, 52, and 58 wk) 
